Calorithrix insularis gen. nov., sp. nov., a novel representative of the phylum Calditrichaeota Abstract A moderately thermophilic, anaerobic bacterium designated as strain KR T was isolated from a shallow-water submarine hydrothermal vent (Kunashir Island, Southern Kurils, Russia). Cells of strain KR T were thin (0.2-0.3 µm), flexible, motile, Gram-stain-negative rods of variable length. Optimal growth conditions were pH 6.6, 55 C and 1-3 % (w/v) NaCl. Strain KR T was able to ferment a wide range of proteinaceous substrates, pyruvate, and mono-, di-and polysaccharides. The best growth occurred with proteinaceous compounds. Nitrate significantly stimulated the growth on proteinaceous substrates decreasing H 2 formation, ammonium being the main product of nitrate reduction. Strain KR T did not need the presence of a reducing agent in the medium and tolerated the presence of oxygen in the gas phase up to 3 % (v/v). In the presence of nitrate, aerotolerance of isolate KR T was enhanced up to 6-8 % O 2 (v/v). Strain KR T was able to grow chemolithoheterotrophically, oxidizing H 2 and reducing nitrate to ammonium. Yeast extract (0.05 g l À1 ) was required for growth. The G+C content of the genomic DNA of strain KR T was 47.3 mol%. 16S rRNA gene sequence analysis placed isolate KR T in the phylum Calditrichaeota where it represented a novel species of a new genus, for which the name Calorithrix insularis gen. nov., sp. nov. is proposed. The type strain of Calorithrix insularis is KR T (=DSM 101605 T =VKM B-3022 T ).
Around 50 % of all recognized phyla of Bacteria are represented by a few (one to three) species [1] , and, thereby, understanding of the phenotypic diversity within any phylum is limited by the characteristics of the few cultured organisms. Thus, the cultivation of micro-organisms representing new taxa within the under-represented phyla is of considerable importance. In this paper we describe a microorganism of a novel species of a new genus in the phylum Calditrichaeota [2] . The existence of this phylogenetically remote group of bacteria was first detected during study of the environmental 16S rRNA clone library from the shallowwater hydrothermal fields of Paleochory Bay in the Aegean Sea, Greece [3] . The first cultured representative of this group was a moderately thermophilic, facultatively lithotrophic bacterium, Caldithrix abyssi, which was isolated from a deep-sea hydrothermal environment of the Mid-Atlantic Ridge and shared less than 80 % 16S rRNA gene sequence similarity with other bacteria [4] . A second cultured member of this group, Caldithrix palaeochoryensis, was subsequently isolated from the place it was first detecteda shallow-water submarine hot spring in Paleochory Bay [5] . Here we describe isolate KR T , a moderately thermophilic bacterium, most closely related to recognized species of the genus Caldithrix and representing a novel species of a new genus in the phylum Calditrichaeota.
Strain KR T was isolated from a shallow-water submarine hydrothermal vent. The sampling site represented an active shallow-water submarine hydrothermal seep (temperature around 80 C, pH 6.0-6.5) in a sandy seafloor covered with a thin Fe-containing mineral precipitate, at a depth of 12 m. The hydrothermal site belongs to a previously unexplored part of the Neskuchenskie hot spring site at Kunashir Island, the Southern Kurils. The sample was collected by means of SCUBA diving. A sample from the seep was placed in a glass bottle prefilled with sterile distilled water, which was subsequently displaced by the mixture of sand and hydrothermal fluid using a 50 ml syringe. The bottle was corked with a butyl rubber stopper on-site immediately after sampling. For the enrichment of anaerobic, chemo-organotrophic, thermophilic prokaryotes, the following anaerobically prepared basal medium was used (per litre of distilled water): 0.33 g NH 4 Cl, 0.33 g KCl, 0.33 g MgCl 2 .6H 2 O, 0.33 g KH 2 PO 4 , 0.1 g CaCl 2 , 1 ml trace element solution [6] and 1 ml vitamin solution [7] . The medium was supplemented with yeast extract and NaNO 3 (1 g l À1 each); pH was adjusted to 6.8-7.0. Samples (1 cm 3 ) of the sediment and water mixture were used for the inoculation of 16 ml Hungate tubes with 10 ml medium and N 2 as the gas phase, and incubated at 55 C. After 5 days of incubation, growth of thin rods was observed. Colonies were obtained by serial ten-fold dilutions on the same agarized (1.5 %) medium using the agar-shake method. After 7 days of incubation at 55 C, the highest dilution showed the presence of dark-orange spherical colonies about 1 mm in diameter. Individual colonies were transferred to liquid medium, and after 3 days of incubation at 55 C a culture of rod-shaped cells designated as strain KR T was obtained. The purity of the strain was confirmed by routine microscopic examination, and 16S rRNA gene sequencing according to the procedure described elsewhere [8] .
For further studies of isolate KR T the basal medium was used; electron donors, electron acceptors and cultivation conditions were changed depending on the purpose of the experiments. Cell morphology was studied using a light microscope (model Olympus CX-41). The ultrastructure of whole cells and thinsection preparations was studied using a model JEM-100 (JEOL) electron microscope. Cells were prepared as described previously [9] . All physiological tests were carried out in 4-5 replicates and in 3-4 independent experiments. Cell growth was determined by direct counting with a phase-contrast microscope. All organic substrates were supplemented at a concentration of 2 g l À1 . Possible electron acceptors were added at a concentration of 1 g l À1 ; elemental sulfur was added at 10 g l À1 . The gases to be tested (O 2 , H 2 ) were introduced in the headspace at various concentrations. Gaseous fermentation products were detected by a Crystal 5000.2 (CHROMATEK) gas chromatograph equiped with zeolite NaX (60/80 mesh) and Hayesep Q (80/100 mesh) columns. The detectors used were a thermal conductivity detector (TCD) and flame ionization detector (FID) coupled with a methanator. The columns were conditioned at 60 C, TCD at 200 C, FID at 300 C and methanator at 350 C. To determine the concentration of dissolved CO 2 and N 2 O, 4 ml of culture was transferred to a 12 ml Hungate tube and after the addition of 0.5 ml phosphoric acid (1 : 3) the gas phase was analysed. Organic compounds were analysed in a cell-free sample of culture broth acidified with 5 mМ H 2 SO 4 to рН 2, using a Stayer HPLC chromatograph (Aquilon) equipped with a Smartline 2300 (Knauer) refractometric detector and Aminex HPX-87H column (Bio-Rad), operated isocratically with 5 mM H 2 SO 4 as eluent at 0.6 ml min À1 . Concentrations of nitrate, nitrite and ammonium were determined using the methods described elsewhere [4] .
Cells of strain KR T were thin (0.2-0.3 µm) flexible rods of variable length (2-20 µm). Cell dimensions varied depending on the medium conditions and the growth phase. In liquid culture cells sometimes aggregated into flocs. Although motile cells were rarely observed, electron microscopy of negatively stained preparations revealed that in the early exponential phase of growth the majority of the cells possessed one polar flagellum (Fig. 1a ). Thin-section preparations showed a Gram-stain-negative type of cell wall (Fig. 1b) .
Strain KR T was anaerobic, moderately thermophilic, neutrophilic and slightly halophilic. It grew in the temperature range from 35 to 60 C with the optimum at 55 C, in the pH range from 6.3 to 7.2 with the optimum at 6.6, and in salinity range from 0.5 to 6 % (w/v) NaCl with the optimum at 1-3 %.
Strain KR T fermented a wide range of organic compounds: proteinaceous substrates (yeast extract, peptone, tryptone, soytone, beef extract), carbohydrates (glucose, cellobiose, maltose, starch, dextrin, pullulan, glucomannan, alginate) and pyruvate. Fumarate, succinate, lactate, mannitol, agarose, arabinose, fructose, galactose, trehalose, lactose, ribose, xylose, sucrose, amorphous and microcrystalline cellulose, carboxymethyl cellulose, amorphous and microcrystalline chitin, chitosan, mannan, xylan, pectin, dextran and lichenan did not support growth. The best growth occurred on proteinaceous substrates. Under anaerobic conditions the main products of fermentation of proteinaceous compounds and carbohydrates were acetate, propionate, lactate, CO 2 and H 2 . Succinate, butyrate, valerate and isovalerate were detected as minor products of fermentation of proteinaceous compounds. Nitrate significantly (5-to 10-fold) stimulated the growth of isolate KR T on proteinaceous substrates (up to 5Â10 7 cells ml À1 ). In the presence of nitrate the same fermentation products were detected, but formation of H 2 dropped significantly. Ammonium was the main product of nitrate reduction; minor amounts of nitrite and nitrous oxide occasionally were found. Addition of elemental sulfur, S 2 O 3 2À and SO 4 2À as electron acceptors did not stimulate the fermentative growth of strain KR T and their reduction to hydrogen sulfide did not occur. Isolate KR T did not need the presence of a reducing agent in the medium and was tolerant to the presence of oxygen in the gas phase up to . Both lithoheterotrophic and organoheterotrophic growth of isolate KR T was dependent on the presence of yeast extract (0.05 g l À1 ).
The DNA G+C content calculated from the genome sequence of strain KR T was 47.3 mol% (Toshchakov et al., in preparation). A 1453 bp partial 16S rRNA gene sequence of strain KR T was obtained according to methods described elsewhere [8] and deposited in GenBank under accession number KU306340. It was aligned using BLASTN against 16S rRNA gene sequences of the type strains of validly published species using the EzBioCloud/EzTaxon server [10] . A BLAST analysis revealed that the most closely related sequences belonged to two Caldithrix species of the recently proposed phylum Calditrichaeota [2] , strain KR T sharing 88.3 % 16S rRNA gene sequence similarity with the type strain of C. abyssi and 88.0 % with that of C. palaeochoryensis. Other BLAST hits belonging to various phyla were equally distant and shared less than 84 % similarity. For reconstruction of the phylogenetic position of strain KR T , the 16S rRNA gene sequences of the type strains of validly published species representing the FCB cluster [2, 11] were chosen. These sequences together with strain KR T , two Caldithrix representatives and Elusimicrobium minutum Pei191 T and Thermotoga subterranea SL1 T , added as the root and the outgroup, were aligned (18 sequences in total) in MAFFT [12] . Analysis of the nucleotide substitution models using JModelTest v.2.1.7 [13] suggested the General Time Reversible (GTR) model (G+I, four categories, [14] as being the best evolutionary model for the given dataset. Therefore, a maximum-likelihood phylogenetic reconstruction with the GTR model was performed in MEGA 6 software [15] . The analysis placed isolate KR T in the novel phylum Calditrichaeota where it represented a genus-level branch (Fig. 2) .
Representatives of the genus Caldithrix [4, 5] and isolate KR T , despite significant phylogenetic distance, had many phenotypic features in common. These micro-organisms were thin (0.2-0.3 µm) flexible rods of variable length. All were moderately thermophilic, neutrophilic, slightly halophilic anaerobes, capable of fermenting a wide spectrum of organic substances. They differed in the ability to use some electron donors and electron acceptors ( Table 1 ). All currently known members of the novel phylum Calditrichaeota inhabit deep-sea or shallow-water submarine hot vents and their function in the microbial community could be described as participation in the anaerobic destruction of organic matter, including the hydrolysis of complex organic compounds.
On the basis of a comparison of 16S rRNA gene sequences, and in combination with phenotypic traits, a novel genus Calorithrix gen. nov. is proposed, with the type strain KR T (=DSM 101605 T =VKM B-3022 T ) representing the type species, Calorithrix insularis sp. nov.
DESCRIPTION OF CALORITHRIX GEN. NOV.
Calorithrix (Ca.lo¢ri.thrix. L. masc. n. calor heat; Gr. fem. n. thrix thread; N.L. fem. n. Calorithrix a thread existing in a hot environment).
Gram-stain-negative, thin flexible rods of variable length. Motile by means of one polar flagellum. Moderately thermophilic, neutrophilic and slightly halophilic. Anaerobic, aerotolerant. Able to ferment a wide range of organic compounds: proteinaceous substrates, pyruvate, and mono-, diand polysaccharides. Best growth occurs on proteinaceous substrates. Nitrate significantly stimulates fermentative growth on proteinaceous compounds, ammonium being the main product of nitrate reduction. Capable of chemolithoheterotrophic growth, oxidizing molecular hydrogen and reducing nitrate to ammonium. Yeast extract (0.05 g l À1 ) is required for growth. The type species is Calorithrix insularis, isolated from a shallow-water submarine hot vent. The type strain, KR T (=DSM 101605 T =VKM B-3022 T ), was isolated from an active shallow-water marine hydrothermal seep at Kunashir Island, Southern Kurils, Russia. The DNA G+C content of the type strain is 47.3 mol%.
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